Introduction
The gas phase synthesis of metallo-carbenoid compounds has a surprisingly long history. 1 In early studies, the metallo-carbenoids were created by high energy methods utilizing electron impact ionization. The resulting ions were then used in bimolecular reactions with various neutral molecules to study the chemistry of and determine metalcarbon bond strengths for these charged Fischer carbenes. The importance of studying gas phase species in determining the mechanistic pathways for olefin metathesis was also realized early on, 1b and more recent studies have taken advantage of electrospray ionization (ESI) to continue this work. 2 Gas phase experiments have also enabled mechanistic studies with other highly reactive metallo-carbenoid species.
The utility of diazo compounds as carbene and metallo-carbenoid precursors has been heavily exploited in solution phase chemistry. 4 The use of diazo compounds as precursors in gas phase mass spectrometry (MS) remains less explored. We have recently reported that diazo compounds are excellent carbene precursors for MS. 5 In these experiments, a carbene is produced through the low-energy collision activated dissociation (CAD) 6 of a diazo compound. The resulting loss of N 2 and generation of the carbene is achieved under conditions sufficiently mild that non-covalently bound complexes are not dissociated in the process. The highly reactive carbene then inserts into the guest and converts the noncovalent complex into a covalently bound molecule.
All of the molecules in this previous study were based on the diazomalonate core (with at least one 18-crown-6 crown ether attached). These reagents have been appropriately named "molecular mousetraps." 5 Diazomalonates 7 (such as 6.1 and 6.2 above) and related diazo ketones 8 are known to undergo Wolff rearrangement in the gas phase as shown in Scheme 6.1. Since its discovery in 1902, the Wolff rearrangement 9 has been the subject of numerous studies.
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In the present work we use the benefits of gas phase experiments to study the mechanism of multiple, consecutive Wolff rearrangements observed in diazomalonates. 7 The effects that various coordinated metal ions and other charged groups have on Wolff rearrangements are discerned from gas phase MS experiments. Theory is used to quantitatively assess each intermediate for the proposed mechanism. Although the solution phase synthesis of stable copper (I) and silver (I) Fischer carbenes has been known for some time, 11 here we report the first gas phase synthesis of copper (I) and silver (I) Fischer carbenes. The results for several intermolecular reactions of these carbenes with various adduct molecules are presented.
Scheme 6.1
Experimental Methodology
All mass spectra were acquired on an LCQ Classic instrument from Finnigan.
Solutions of the reagents in the ~30-80 µM range were electrosprayed from a ~80/20
(v/v) solution of methanol/water with a minimum of 0.1% MeCN added. Soft ionization settings were used to maximize the intensity of non-covalently bound complexes. 12 Ions of interest were isolated and subjected to collisional activation until product peaks were observed. For each MS n step, the peak of interest was re-isolated prior to further dissociation. All chemicals were purchased from Sigma-Aldrich and used without further purification unless otherwise noted. Metal ion complexes were formed by adding an appropriate salt to the solution. No counter-ion effects were noted. For studies of intermolecular reactions, the desired ligand (such as 5-hexynenitrile) was added directly to the solution in several-fold excess.
Calculations. Candidate structures were evaluated initially at the PM3 semi-empirical level. Following minimization at the lower level of theory, structures were optimized using density functional theory (DFT). The DFT calculations were carried out using 2-Diazodimethylmalonate (6.1). 6.1 was prepared according to previously established methods. 13 The product was isolated as a yellow oil (2.58 g, 16. 29 mmol, 93% yield) with the same physical properties as previously reported.
2-Diazodibenzylmalonate (6.2).
A round-bottomed flask (10 mL) was charged with 
6.3
Results and Discussion.
Copper (I) and Silver (I). The ESI-MS spectrum for a mixture of copper (I) and 6.1 is shown in Figure 6 .1a. The base peak corresponds to [6.1+MeCN+Cu] + or 6.3 (for simplicity, the corresponding structures are to the right of the mass spectra in Figure 6 .1).
It can also be seen from Figure 6 .1a that 6.1 has a high affinity for Na + (present as an impurity) and that Cu (I) has a high affinity for acetonitrile. As seen in Figure 6 .1b, isolation of 6.3 followed by CAD leads to sequential losses of 28 Da. The first loss of 28
Da corresponds to the loss of N 2 from the diazo functionality leading to structure 6.4.
Spontaneous Wolff rearrangement of 6.4 is accompanied by the second loss of 28 Da, which is attributed to be a loss of CO yielding 6.5. In Figure 6 .1c, structure 6.5 is isolated and subjected to further CAD resulting in another loss of 28 Da. This is also attributed to Wolff rearrangement of 6.5 followed by the loss of a second CO yielding the stable copper Fischer carbene 6.6. Figure 6 .1d shows the results of CAD of structure 6.6. In this case, the noncovalent acetonitrile adduct is lost, followed by the pickup of either water or methanol. This pickup is not surprising given the vacant copper (I) coordination site and the fact that the spectra were acquired from a water/methanol solution. Furthermore, 6.1 has a singlet ground state 5 , and attempts to minimize structure 6.3 with the N 2 removed were unsuccessful. Matrix isolation studies on similar systems suggest that copper (I) insertion into the C-N bond of 6.3 is a more likely alternative. 18 Further experimental and theoretical evidence also suggests that the copper (I) ion mediates the generation of the carbene from the diazo precursor. CAD experiments on [6.1+Na] + result in the complete loss of signal without producing any observable peaks, suggesting dissociation of the sodium ion (which has m/z ratio that is too small to detect). in Figure 6 .1b suggests that both rearrangement of 6.4 to 6.12 and subsequent loss of CO to produce 6.5 proceed with minimal barriers. It should be pointed out that, given a low barrier to rearrangement, the structure for the observed peak in Figure 6 .1b may be the rearranged product (6.12) rather than carbene (6.4). 22 In either case, the observed products suggest that the presence of copper lowers the barrier to Wolff rearrangement in addition to facilitating the generation of the initial carbene.
The Wolff rearrangement product of 6.5 undergoes copper insertion without barrier upon minimization, suggesting that the transition state may occur prior to rearrangement. In the presence of silver (I), structure 6.13 ( Figure 6 .3a) is formed in high abundance.
However upon collisional activation in Figure 6 .3b, the MeCN ligand is lost instead of N 2 as was the case with copper (I). This difference is due to the weak binding of the third ligand to the silver (I) cation. 23 Loss of the MeCN adduct is followed by collisional cooling of the product (6.14), which leads to some pickup of residual methanol (6.15) or water (6.16) from the trap as seen in Figure 6 .3b. Further CAD of re-isolated 6.14 leads are given in Table 6 .1. Structure 6.25 is labeled with three deuteriums on each of the terminal methyl groups. Comparison of the data in Table 6 .1 with that shown in Figure   6 .1 reveals that the six deuteriums are retained throughout the entire experiment. This indicates that only interior carbons are lost as CO and that there is no detectable scrambling with MeOH in the ion trap. In order to confirm which carbons are lost and to determine the extent to which rearrangement of the carbene occurs, structure 6.26 was synthesized with 13 C at the 1,3 positions. Experiments with 6.26 confirm that the two interior 13 C labeled carbons are lost, as shown in These two experiments serve to confirm that N 2 is lost first, as is expected, and that carbon in the 1 and 3 positions specifically, are lost as CO.
Scheme 6.2 Potential carbene scrambling via oxirene (not observed).
Divalent Metals, Protons, and Fixed Charges. The experimental MS data for several related experiments on 6.1 are summarized in The results presented thus far suggest that the coordinating charge can dictate the resulting chemistry upon collisional activation in diazo compounds. Structure 6.27 was designed to investigate the energetics of N 2 loss and Wolff rearrangements in the absence of a coordinating charge. In 6.27, the charge is provided by a fixed quaternary nitrogen from the pyridinium group. As seen in (Table 6 .1), but in this case the [6.2+Ag] + peak is formed directly from solution in high abundance. Because the metal ion is coordinated to 6.2 by the benzyl groups, the relative conformation of the diazo functionality to the esters is different for copper (I) and silver (I) adducts of 6.1 and 6.2. DFT calculations suggest a structure similar to the silver (I) adduct shown in 6.30. The fact that Wolff rearrangement proceeds more easily for 6.30 than for 6.3 suggests that the conformational energy minimum is similar to the preferred conformational orientation that leads to Wolff rearrangement for 6.30. Conformational effects have been observed to influence Wolff rearrangements previously.
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Macrocycles. Crown ethers and other related macrocycles are well suited to coordinate a variety of charge bearing groups 26 and usually exclude the presence of other solvent adducts once in the gas phase. Therefore, structures 6.28 and 6.29 are well suited to study the effects of various cations and different coordination motifs on the Wolff rearrangement in the absence of third party ligands. The diazo group for 6.28 is included in the ring, bringing the charge in close proximity to the diazo group. However, it should be noted that the coordination geometry between the charge and the diazo is significantly different for 6.1 and 6.28 due to the conformational restraints of the macrocyle. Structure 6.29 is more dynamic, allowing for either coordination or separation of the metal and the diazo group, depending primarily on the temperature of the molecule as explained below.
The CAD results for 6.28 coordinated to copper (I) and sodium are presented in Table   6 .2. In both cases, the loss of N 2 , CO, and CO occurs predominantly one step at a time, requiring the acquisition of an MS 4 scan to induce the loss of the second CO. This suggests that the more conformationally restrained macrocycle requires additional activation energy to induce Wolff rearrangement, but does not necessarily exclude participation of the cation in the reaction. The resonance excitation RF voltages applied at each step of the experiment are (for sodium) 0.67V, 0.83V, 0.99V and (for copper) 0.69V, 0.82V, 0.71V respectively. The excitation voltages are very similar for the first two steps of the experiment for both cations, but copper (I) clearly catalyzes the loss of the second CO more efficiently than sodium (∆V~0.3V). This is additionally confirmed by the absence of competitive fragments in the copper (I) experiment, whereas in the case of sodium the base peak in the MS 4 spectrum is not the product of Wolff rearrangement.
The copper (II) adduct of 6.28 can also be prepared in small abundance and the results for the CAD are found in Table 6 .2. Copper (II) catalyzes the loss of 44, which is presumably the loss of ethylene oxide from the crown ether portion of the molecule. 27 The loss of N 2 is not detected, again suggesting that copper (II) does not catalyze the formation of Fischer carbenes or the subsequent Wolff rearrangement observed with other cations. CAD of the ammonium adduct of 6.28 is also presented in Table 6 .2. In this case, the loss of NH 3 followed by subsequent cleavage of protonated 6.28 is the only process observed. This suggests that close proximity of a labile proton can prevent the loss of N 2 and subsequent reactions from occurring. However, it should be noted that this problem is easily corrected by complexation with a more basic amine such as 1-hexylamine. CAD of the hexylamine adduct leads primarily to the loss of N 2 (data not shown). Alternatively, weaker binding by ammonium versus 1-hexylamine may explain the dissociation in the case of ammonium. These experiments confirm the notion that the cation can greatly influence the subsequent chemistry upon excitation of these molecules. Table 6 .3. It is easily seen in Table 6 .3 that in each of these experiments the ligand is lost (either competitively or exclusively) at some point in the experiment. This suggests that the binding energy of the ligand to the copper (I) cation is not greatly increased by the presence of the additional functional groups. In particular, 5-hexynenitrile is not strongly bound to copper (I). Therefore, if the loss of the weakly bound noncovalent ligand is not observed, but a covalent bond cleavage occurs which interrupts the established sequential rearrangement processes (i.e., loss of N 2 , CO, CO), then it is assumed that an intermolecular reaction has occurred. The reactions that lead to subsequent cleavages are complicated and it is not our intention to fully describe them here. However, it is shown from the results that alkynes are much more reactive than analogous alkenes. This is not an unusual result given the greater reactivity of alkynes in general. Similarly, the observed reactivity of the phenyl group was unexpected. In the case of 6.2, the benzyl groups ultimately displaced the ligand and prevented any reactions from occurring.
It is also interesting to note that CAD of [6.1+hexynenitrile+Cu] + yielded the loss of a neutral methyl radical in the MS 3 spectrum. This unusual loss was confirmed by experiments with 6.26 in which the loss of CD 3 was observed. The loss of methyl radical is accompanied by the pickup of water or methanol. It is unlikely that the methyl group was a metal ligand prior to dissociation, so an alternative explanation is required to explain the pickup of water and methanol. One possible explanation for this involves the oxidation of the copper (I) to copper (II) accompanied by the reduction of the newly formed terminal CO 2 . The oxidation to copper (II) would create a new vacant ligand site and lead to the observed pickups. The exact role of the alkyne in this process remains unclear, but it may serve to stabilize the higher oxidation state of the copper. 3 †If covalent bond cleavage occurs either competitively with loss of the ligand or exclusively, the step where this occurs is indicated.
Conclusions
In summary, the synthesis of copper (I) and silver (I) Fischer carbenes from various diazo malonates in the gas phase is demonstrated for the first time. The carbenes are generated by the facile loss of N 2 . The carbenes prepared by this process can undergo multiple Wolff rearrangements in the gas phase, which subsequently lead to the loss of multiple carbon monoxides. Surprisingly, up to six different carbenes or metallocarbenoids can be produced in a single experiment. A series of control experiments that elucidate the effects of conformation and metal mediation on Wolff rearrangements are detailed. Although the data has been gathered from gas phase experiments, the results reveal general trends that should be applicable for either enhancing or deterring Wolff rearrangements in solution. Coordinated metal ions profoundly mediate the energetics of these reactions. Silver (I) is most efficient at initiating Wolff rearrangements followed by copper (I), but no mediation is required and molecules labeled with non-participating charges undergo similar chemistry at higher energies. Conformational effects are also found to be important in determining the requisite energy for Wolff rearrangement.
Divalent metal ions and protons interfere with the loss of N 2 and do not promote the formation of carbenes.
